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Introduction for Option Pricing

European Call Option
1. asset dyanmics  GBM: dS, = uS,dt+oS,dW,

2. payoff [Sr —KT

Payoff

[ST o K]Jr

3. option priceis  C, =E°[e"[S; - K]']

(z3) 2Moista

S g E T ME




20| HTUILTI  —LCEIaI'I¢ _ witl
=B — CAlTATA —L|S oy —I\] |
AI™ Z0| Closed form solution
=E 20 C,=S,®(d,) - Ke"d(d,)
00 =i [ o7z dy = In(SO/K);J(;_ Gl L G
PDEYEH in FDM, FEM, Meshless
of , O°f o't | ,0f
—+MX—+IY—+30, —5+p0,0, t30,—5=If
ot OX OX0Y oy
Al E8|0|M ditd Monte Carlo

E[e™[S; —KT']= lim = ¥ Ze “[S; —KT



Closed Form solution

European Call Option

Ct :EQ[e_” [ST - K]+]

4. By Ito's lemma 5. By Feynmann-Kac Theorem
STQ — Soe(r_%gz)ﬁgwf ps-poE: T, +IXf, +10°X*f =rf

S. =S e(r—%az)r+0\/;N(0,l)
T — >

6. Closed Form Solution

C,=S,d(d,) - Ke " d(d,)

2
(D(X) =ﬁj._xooex2/2dz dl _ In(SO/K) + (r—G /2)2' d2 — dl —U\/;

ot

(@) 2auaa
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Needs veteran quant

=0l thet =45

(FDM)

Front (marketer)

2 Month

Overview of Greek
Hedge Simulation
Accept or Not

[ Hedging (of)

within few days
Hard for junior quant

Middle (quant)

System

!

FDM code in ]
Matlab or C/C++

H}%

[

Front (ELS 298 AM)

714, Greeks 2

5-20 sec O|L}j Hu}==

1~2 week
( for debugging)

Use own library & similar codes
Consider boundary conditions

L 4
[ FDM code in ]
C/C++ code

At l

>[ Computer ]

[ Hedging (ofg) ](

{ 7+4, Greeks ]




PDE method for ELS

of of | ,0f o*f |,
—+X—+T1y—+30, —+p0,0, t+30, —5 =If
ot OX oy OX OX oy
With Boundary Value& Terminal Payoff
Domain for 2-Star n—-chance Stepdown ELS
Step down
&
v’éd\

Worst Perf.




Monte Carlo Simulation

Law of Large Number : we can compute expectation

E[e ™" [S; —K]]= lim = Ze “[S; - KT

N—owo N

We can generate any process ST from given dynamics

dS, = xS, dt +oS.dW,

L

ds, = uS,dt + f (Y,)S,dW.

(13) 2Mmsta
S g RHE



Monte Carlo Simulation

Why MC is need ?
« Easy to imply M-&0| & C}.

« Complex structure : path-dependence, prepayment, complex
payoff, etc.
ELS & =4 &2 HE0 7

H

* High demension : multi-asset problems (n>4)

= MC is the only solutio
CrARSE &= 0f Oieh 72 Y

— |

on (or sparse grid method)




Monte Carlo Simulation

a5 YA AEHe Al
Pricing Pricing
Overview of Greek Greeks Search

Hedge Simulation VaRA A, 2| 2kg|

RI7| M3 ZHE A A

{ A| AFI ] Easy for )[ Simple MC ]
=°= ) even junior quant coding
Excel/VBA, M
lithrari, DanAd
- L|U|q|y, naiiu
RA|ZH O|LY el debugging

714, Greeks 22X

[ Hedging (ojg) ]

[ Hedging (ojg) }e

7}4, Greeks &=

Y

[ Computer ]




Monte Carlo Simulation

E[e ™ [S; —K]']= lim — Ze “[S; —KT'

N —o0 N

6.0000% 01:43.68

r - 01:26.40

4.0000%
2.0000% fA
0.0000% \b—-—17[r 01:09.12 N :108rH O|AF Al2HoH 3 OFgf

~2.0000% ’/ / 00:51.84

~4.0000% / / - 00:34.56 L

6.0000% ALK HEHEl = ELSS| H AFA]

8.0000% J / - 00:17.28 108F &1 AlSH(]| 12 A& HAAIZE AR

-10.0000% -4—7—0—7—0-!*!-‘/ . . 00:00.00

100002 &6301ctH 2 A2 Olaf &%

500
1,000
5,000

10,000
20,000
50,000
100,000

400,000
1,000,000

S =UHEAHS LSS E

.59 B0 S

2. FOM s2| &8 0|



250 time step Path simulation
2t : Intel CPU 3Ghz

Black-Scholes Clsoed 1 14.23124493415722500
14.8 ~ Monte Carlo Simulation : 14.26851272608143400
14.6 - Error : 0.03726779192420970
144 fv/ rw
14.2 -
14 -
138 - Simple MC2| Z10%t 0|AH0| Simulation t= Z40| Mt} 7.65sec
136 - SEXIR A ALAIZHO| HQFO 2 Of SRt HERt Z2|® . ..
134 -
13.2 -
13 -
128 T T T T T T T T T T T T T T T T T T T 1
O O O O O O O O O O O O O O O o o o o O
8888383338388 88888888888
THRRSRER®ggRnERERRY

Why MC is not used ?
* Most contracts(95%) can be solved without MC. (closed, FDM)

» Computation Time : Too slow to get accurate results
-1 minutes for each pricing. 4 minutes for greeks ‘
100 contracts : 7 hours to comutes (1 day : 6 hours)
ALIE2|REME Greek plot 12|2{H SIEZ5 LA

0%
Il
tor

 Unstable sensitivity : non-smooth greeks plot




Reasonable Solutions to speed up MC

1. New theory in convergence
Malliavin Calculus, Operator Technique, Asymptotics

2. Fast pseudo & quasi-RNGs, Transformation

3. Control Variate, Variance Reduction

4. Using Powerful Computer

5. Parallel Computing =H
HPC(use many CPUs) - OpenMP(SMP), MPI (Cluster)

Alternative Method - IBM Cell BE, ClearSpeed, GPGPU(CUDA)
=l =X

Olatd EE :1,2,3.48 HA &Aoot 50 2= ==L

() oo

SgHUEHTHE




Pseudo vs. Q
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HPCQ} SLAMK 22| X0
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Ut =2 )W

Excel/VBA 22 C/C++ 28 =2 2d

Excel20070| A excel L& k=7 OfLl Excel/VBA, C/C++2 AIE2SIH 295|8] =L 71 =
K= 40| YstE 4271 US (excelOf| A celltHe| A2 4K 2[EH

= X 2
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HEX| 2| (HPC - High performance Computing)

A Ol

FHLFOl &2 2] JHel CPU(Cores)&
! SH

A= AHAIA HAAIZES =0l= Y

J

Wall Clock Time

TaskE EE2xcl Ol 2ol Xelot=0 2 8l Al2t

< >

Wall Clock Time 1

Original Jobs Parallel Overheads
<€ =

Wall Clock Time 2

LLLLL



R @ 7|Ct2|H wE FRE 7L LILX]| ST

o[k 20| X HOFSLI?

AKX =A| k= 2= CPU= Dual Core, Quad=2 0 7|EI&

=2 EAE|l= CPUE 8 core, 16 core, 32 corei
giHE S/tRELHE oLl Hof| 29| =
==

;
o
S Aoz JiHE D S

Of2ict ZE|Z O A|AE2 55 100% E2|ot==F of2i

s HE T2 32U S sl|F0{0f 2.

(13) 2Mmsta
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Application for Massively Parallel MC

AMA AS &MAl Front & &

1%y Price <
Hedge Greek Z—
Scenario \

Parallel MC

=T = single FOMEL} W20 JHE=I1= 84 B3



Application for Massively Parallel

MC

Greeks
Fla2tel= HAAIZES
EI|HOZ ChEA

Parallel MC

=

Parallel Tasks

33



Application for Massively Parallel

Parallel MCE At=3dH(
Jl& MCQol I35t

=2 MAE=
|
|
|
|
|
|
Parallel MC

34




Parallel MCH1&i9| 20|AM

= HlE0| 2917

9[

Simple MC
coding

]

A 4

[

parallel MC
coding
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KISTI s #HESEE| 435 7| Tachyon

| =2 2|
AEZ|X|

=

LEZHHES

L &
SUN Blade 6048
d& : 24TFlops(Rpeak)
_LE |: 1887H(9-I IT EI)

AMD Opteron 2.0GHz 47|
LE&k: 16 Core (Quad Core)
= :3,008 7f (HH|)
32GB(E)

207TB(C|A3), 422TB(H| 0| =)
Infiniband 4X DDR




HPC in cluster
o z{Cf2| SMPE HE2coc=z AHZA

Each Nodes has 2-8 CPUs

4~10 Gflops in DP for each CPUs

Each Nodes connected by Infiniband, Gigbit Ethernet
1024+ nodes system is possible

Support standard OpenMP & MPI library
Benefit : develop envirinment, Technical supports from vender
PRNGs library for Monte Carlo simulation

W VraYell = /S a4 Mol N~ o1 A M =L 11O Ml =i A e Y I == =1 TIiI MmNl —\:—c m1 = Ml o N ML O
MCSl Z< 1CHHH Ol&t £ SAS JIUE &= AS : oK A5 & 2A2/HIE0I ES

Too expensive
7|48 15Tflops M =H|E - 2009 0| (H7], 28, s HES, 2E|At § RAH ER)

o dd 2%t 959 MH
HPC for 400 Gflops A{H| EQIH| - 2019l O|AF (2X|H|, MX|Z27F S YE) IBM, HP £
-8 8 workstation : 3002t ~1M T P% HEH whltebox T=HZh7ts

L 2 node 2*8 core cluster : 1Mt M= M whitebox 7+ 7=




=8 HPCE 1630 SMPH I

[ Ll

T olH| 8 oF 200008l 7}

HP ProlLiant DL580G5 Rack Type
4U case AfE

OlEll X2 E7340 CPU 47} : 163204
M 22| 8GB

Node% 100Gflops §X]|
Tachyon 1 = EQF SAISH M=

2 L ¢ . .0 -l
R R R s L
P Y R R . i e boa o4 oa o -

H
-
ol
00
H
m
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.
00
i
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I ZAFE 435 7| Tachyon on KISTI

=
A SRU 100A|Zt: 1002+l (7]€))
SRU 10A[ZF: 10ZHR(SHd)

q52 ssh % 30&
Al A CentOS 44 - Linux 2+4

Aoty GCC, PGI Compiler , Intel Compiler
HZ 20| 2 2{2] OpenMPI
=X|2t0|E22| IMKL IMSL &

A8 A8S Sdll HPC = =S 0|2 H4ES| & = US



el c(Z2a2Y, C|H )

Tachyon Server= SSHE &l H=6l0F SF 2
302 7HK|2 HAIZHO| RIBHE|Of 9IS

1. Windows XP zt4 (PC) : GUI 2t40f| A| programming
MS Visual Studio 2005+ MPICH?2

2. Linux 2t4 (server) : linuxOj| Al Al A E
ICC 10.1 + OpenMPI

3. Tachyon Server . 2|& ZEE job_batch &3



SSH 217 H&3H7

Windows 2tE 0| Al PUTTYE &9l &%

R PuTTY 23

2E(G)
= HA ~ PuTTY M8 2|12 24
E'_é i le El == .'-'HE
= BOg e e e b -
g | |22 |
s ZI2ES:
=- & COMILR] (O Temet (O PRlogin (33 55H 5 PuTTY 23
o =
ex HEE Moo 812 AT NS s2=n)
B = HEE M4 E) = Ml A SSHXITZRE M S84S5 ZEBLICH
e | | 22 ;
M =-E0d
- A2 EE
ERsE EZIl_IDﬂ-f =cisy JHC k AE ) | |
EE i ra—— FZY ] . e
ZErA b L HERNRE Z2RES ()
EE nake A& B e () MIT-Magic-Cookie1 () XDM-Autharization:-1
rlogin AP
= 55H - Fisd
mE:} . — £ =}
Jug | zEAHEs TS W) i E
= Ak QF CcFr= == nH=E | —
{:}:-I-D {::Il_I-I:I:I @:lﬁljl LtMEk_—'—_l M?g
= 8
— . HI0IE
=20 |[ 320 | Tt
E-II_I:‘_I\!
rlogin
= S5H
b
ce | 22w || #20 |




% /home

Eile

Edit

Mew

# amp.c*

A=E

01/e063rhg/omp.c (modified) - gedit

View Seach Tools Documents Help
D .d | & 9 ¢ B DO D -
Cpen Save Print Undo Redo Cut Copy Paste

/* OpenMP[full path European Vanilla Call Option MC simulation */
#include <stdio. h>
#include <math. h>
#Hinclude <stdlib.h>
#nclude <time. h>
#include <sys/time.h>
#include <omp.h>
#define s 100
#define k 100
#define r 0.05
| . #define v 0.3
& el63rhg@tachyond: #define tau -
#define path 250
ol #define total
l#define size 150000
#define Max(a,b) (((a) > (b)) ? (a) (b))
#1fndef Pi
ne P1 3.141502653580703238462643
——————————————————————————————————— Ln 1, Col 10 M5

Cre kr

R

chvond ~18 gedit onp.c &

[e063rhait achvond

~1% looking for type: got text/plain




HY 2
« SMP {4l : OpenMP Z2 2|
16 core X|Ql : 260+ 0|0t (16H] MSskA HED

* Cluster {4l : MPI == 2| T
64 core X| ¥ : 1AL 0|0} : (600 HM=SkA H X

-2 OpenMP, MPIL : (& =)
> IMSL, IMKL : & 20|E & Z| : (&)
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Parallel FDM, FEM (matrix)

1 5 & 7 g % 10 11 12 13 14 15

0 O 1) oz 3 4| 3 g 7] 8| 9 10| 11) 12| 13| 14| 15

1 16| 17| 18| 19y 20| 21| 22| 23] 24| 25| 26| 27y 28| 29| 30| 31

2 32| 33| 34| 33 38| 37| 35| 39| 40| 41| 42| 43) 44| 45| 48| 47

3 48| 49| 50| 51§ 52 53| 54| 55] 56| 57| 58| 59 60 61) 62| 63

4 84| 65| o6 &7) 68| €9 VO| V1] V2| V3| 74| TS} Te| TV| V& 79

5 80| 81| 82| 83] 84| 85| 86| B7] 88| 89 90| 91) 92 93| 94| 55

& 96| 97| 93| 99 100( 101| 102| 103] 104| 105| 106| 107) 108( 109| 110| 111

7 J112{ 113) 114| 115] 116| 117| 118| 115§ 120( 121| 122| 123] 124| 125] 126| 127

. 8 J128( 129| 130| 131] 132| 133| 134| 135] 136 137| 138| 135] 140| 141 142| 143
Maln 9 | 144| 145| 146| 147] 148| 145| 150| 151] 152| 153| 154| 155] 156| 157| 158| 159
10 §160| 161| 162| 163] 164| 165| 166| 167) 168| 165| 170| 171} 172| 173| 174 175

11 | 176|177 173|179 130 1581 | 152| 133] 1534| 135| 186| 157] 138| 135 180 151

12 | 192| 193| 194| 195] 196| 197 | 198| 199] 200| 201| 202| 203] 204| 205| 206| 207

3 | 208| 209| 210| 211] 212| 213| 214| 215) 216| 217| 218| 215) 220| 221| 222| 223

14 [224)225| 226| 227) 228| 220| 230| 231 232| 233| 234| 235] 236| 237| 238| 239

15 §240 2417#&%43 244| 245| 246| 247) 248| 245| 250) 251) 252| 253| 254/ 255

For(i=1,i<N,i++){

PE1 PE2

PEn-1

PEn

__
-

—

Ol M G|0|E{e| EM0f 2|5t bottleneck

—
3



Parallel MC simulation

Main

tvide

For(i=1,i<N,i++){

Conquer

PE1 PE2 PEn-1 PEn

For(i=Li<N, M){  For(i=L1,i<N, M){ For(i=1,i<N, M){ For(i=1,i<N, M){

} } i.. .}..

QIFLlo[Ee] Sio] ER/ANS

: MC 3 scailability7} £C}




Parallel Monte Carlo Simulation in Finance

ey 5 Smple MC |
) Easy for even junior quant coding
Need veteran|parallel coder or library
RA|ZF Of LY Use own
Parallel library &
Single Code7} & L =E|0{QU D, similar codes
g2 20| B 22| 7} &0 QUEHH
MeEe| o= 02 €t A 4
(openMP O|£A4|) [ parallel MC ]
coding
O BhsA l
. ] =)
[ Hedgmg (TH'2) J 7}4, Greeks 82X > -
HEu |

Tachyong I ZAFE

0.05 sec O|L} AI}==
[ Hedging (of) ](

S
\J
b
I
Q)
-
o)
o)
®
n
—




LCG32

=(a-X_+c) nmod m
____

Visual C/C++

GNU C 232
Unix (LCG48) 248
ANSI C 232

Numerical Recipes 232

214013
69069
25214903917
1103515245
1664525

Period : 232-1 = 4294967295 = 4.2 * 10° 2F 42 7|

2531011

5

11

12345
1013904223




Parallel RNGs




Split Method

for (i=0; i<N-1; i++)

CPUID O CPUID 1 CPUID 2



Multiseed Method

for (i=0; i<N-1; i++)

srand48p(123+(1+cpulD)*45);

for (i=0; i<CHUNKSIZE-1; )

DR 0o
B - o
SEREEE SRS RCCE

52



Leap Frog Method

for (i=0; i<N-1; i++)

for (i=istart; i<N-CHUNKSIZE-1; CHUNKSIZE ) L' CPUID O

(Y Y Y Y

)
),
=)
A,
o
3
i

CPUID 1

53



Problems in Parallel MC

..I.. l..

Ty

;' ]
u
§ lcG:2r321 W
.. N
1 n

S ﬂ .

/N U
as5/1
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Suitability for Parallel Method

| Multiseed | Leapfrog | Splitting_
LCG OK OK OK

RAND48
MCG
Lagged Pibonachi
MWC
MT19937
Well RNG

OK
OK
OK
OK
OK
OK

OK
OK
OK
OK

X
?

OK
OK
OK
OK

X
?

X X X X X

OK

OK
OK
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Dynamic Creation

for (i=0; i<N-1; i++)

Complex dividing for non-overlapping cycle

for (i=0; i<CHUNKSIZE-1; )

DR Do
e
DR D2

56



Jump-Ahead Method

for (i=0; i<N-1; i++)

Divide sequence with GF(2) polynomial

for (i=0; i<CHUNKSIZE-1; )

DR U
S
PR cun?

57



Algorithm for MT19937

Step 0. w+« 1---10---0  :(bitmask for upper w — r hits)
S N = '
I — 0---01---1 ibitmask for lower v bits)
o — '
e ¥ i
A (ot w-capay  cithe last row of the matrix A)
Step 1. : — ()
x[0].x[1].---.x[n — 1] «— “any non-zero initial values”

Step 2. y — (x[i] AND u) OR (x[(i+1) mod n] AND 11} :(computing (x!|x!. })

Step 3. x|i| — x[{i + m) mod n] XOR (y >> 1)
. (0 if the least siguificant bit of y = 0 y . v A%
XOR { a if the least siguificant bit of y =1 (multiplying A)

Step 4. :(calculate x[i|T)
y — x[i]
v — v NOR (y == u) shiftright 3y by u bits and add to y)
v — v NOR ((y << 5) AND b}
v — v NOR ((y << #) AND ¢}
v — v NOR (y == 1)
output ¥
Step 5. 1 «— (¢ + 1) mod n

Step 6. Goto Step 2.

3 SMIieha
Y YOMSEl UNIVERSITY
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cMT architactiirva ~nf MT100227
DIVIT CINNITILGA U 1 Vi 1Vl LJJJ/F
Initial Seed sMT
0
1 —> Generator
2 _—
5 Extractor
i
- <
i+1
i+M
i+M+1
623

Ul




MT19937 H= 55}
Shared pMT architecture of MT19937
Initial Seed
0 —|L_Generator N
U2 Generator  |[<—| 1 | Extractor
<€ <€ Ul
Extractor < 2 <
d
i+1
Parallel pMTs
With Large StepSize ,i+M
lcycle generate 624 RNGs bl
—>) Generator Un
> S
N Extractor
623 | <
Share Memory (&3) 2oista

YOMNSEI UNIVERSITY
S g A= M



Parallel sSsMT MT19937

Each Cores execute sMT independently

We will use this model

0 0 0

1 1 1

2 2 2

i i i
i+1 i+1 i+1
i+M i+M i+M

i+M+1 i+M+1 i+M+1

623 623 623

()

HAHICHSta
4 YOMSEl UNIVERSITY
S g E T HEf



Parallel Quasi RNG

For Loop Nsim simulation
For Loop for T simulation of path

—~>Method 1 base p0j| 2|t H2H 3}

Split Halton with Nsim /16 -- 16 is # of core

Core has own Base 3,5,7, 11,13, 17, 19, 23, 29, 31, 37, 41, 43, 47, 53, 59
Scramble each Sequence with T times

~>Method 2 : EF7|’'dE et n HEH}
select large prime such as 23
Compute Split K= Nsim/16 * 24
n=(K*corelD + i)
Parallely Compute Halton(23,n)
Scrample each Sequence with T times



Al
=

ok
Mt
tok

*

[TTT1

Excel, Matlab, C/C++ [ El

CIHZ

At =2ET BO| d2|l= 2 Iy

SMP, MPI, CUDA, CSCN, etc

OpenMP, MPI, Matlab, etc.



=8z M2 BE=t 7|E

S M3 AlEg0]ds EEANL
ZF N7 Q| CoreZ M/N 2| A|=2fO| M A=
Zt Core7} S 21M O 2 Boxmuller 3 RNG A M
> 1/NE A4t A2t Bt
<> &7 :single codel| 90% O|& A= ALE

HEEH 2 HFEH 3 Table Technique
1. RNGE HE3lo10 0|2 d-d RNGE HE3510 O/2| H--d(12])
2. N7jo| A|ZE2{0|ME HEHK 2| - memoryOf loads}O EQA| Al
3. N7He| A|Zg0|d B

Zt AEEE (KT
> 7| &2HA| RNG g A7 SH] M/NZ| 2| A|Zg0|d= HEKXL

9

HOIM Mgt
1/K*N S 2 A 4LhA|ZF Eh=
Soot H22 7t = 8l Z4hA 2
Memory access bottleneck 24

Dsst YA

single codeZ LHE AIRIts




Single Code

B2 ZHIFIE2 A Ed0] 4 ofH|

1. Full-path §& & Vanilla Call &M : reference & benchmark &
S:100,K.lOO, :003,v:03T:1

2. ELS pricing S

0I>I

H 1909z FAAZH

34 Ot7|
2 star : POSCO Btz S-Oil

12 chance : C|X|&2 M

Double Barrier

Down barrier : 2= X3 (8 & StLIZtE SFESHA)

Up barrier : O 7} M| A (5=7HCt M*?_} A
Step-down : §l2, 5%t =7|4tst X714 (Digital Option HHEl)

ﬂJQ ﬂlo

X Z7|A=tA] +2 9 S

ne




THFFES 0| 8¢t
parallel Monte Carlo Simulation I

OpenMPE 0|23t H2 3}




OpenMP 7| 'H

HEEE &
A

1630 AIS 0|23

L

o
C/C++ AO{Q} Fortran A& K|

—

O SMP Al (core2 duo 52| SEH)0]| A
=} I MCOo| Z<2 oF 16I:IH0| =e ok

Oi 0E
N
I

Windows 2t4 2 Visual Studio 2003 O| & Q| A 7| & K| &

Unix 2t40| 42 %4 HH 7|2 X| ¥
LinuxQ] AL GCC 2.4.2 O| A0 A x|

OpenMP HE 0 S Sol AL/t As2=E B}

For LoopE & B2st & 4 9l
Zt Core7| 22| E

Ao 0fe H

oo




SMP

ro
=
10
o\
=[]
m

Shared Memory




OpenMP 7| &

l Master Thread
=== LU LU

H |

=== |LLLLLLLLLLLL

|



OpenMP 223} 0 ofol 5

omp_set_num_threads(16); 2 167l9| thread A}2AM™
totalIN=omp_get_num_threads; Z&i| HEH32} 7|+ o}t
tid=omp_get_thread_num(); ZI H3E T2 A|A| H QI Al

#pragma omp X|A|O§

#ifdef OPENMP i} T2 UM E AIR7ISSIEE T2 8

parallel for critical
private() shared() schedule()




OpenMP 0| H|1

#include <stdio.h>
#include <omp.h>

int main (int argc, char *argv[]) {
int nthreads, tid;

omp_set_num_threads(4);

#pragma omp parallel private(nthreads, tid)
{
tid = omp_get_thread_num();
nthreads = omp_get_num_threads();
printf(" Hello World from Thread %d of %d Wn", tid, nthreads);
}

return O;

}

43} Y

(z3) 2Moista

28 AEHLME




#% 0901 -b - Microsoft ¥isual Studio

Eile Edit Miew Project Build Debug  Tools  Window  Comrmunity Help
S-S @ % G @9 - - E- 5L p Debug - Win®2 - |
B &b e | =2 | = 2 (] 0E &3 & B s
Lllt‘ Solution Explorer — Soluti,,, » I X ~edample_c| > X
& = | [=] |{Glnbal Scope) v” -
@ | o Solution '0901-b" {1 project) S#include <stdio.h= I
m || = =4 0901-b L#include <amp ., h= A5
= [ Header Filaz
= 4 Resource Files Sint main Cint arge, char +argwl]) {
}:? = [ Source Files int nthreads, tid:
=i ¢ example.c omp_set_num_threads{ 4 )
=3 #pragma omp parallel private{nthreads, tid)
—_-
& i
= tid = omp_get_thread_numi 1
. nthreads = omp_get_num_threads( )
L{n printfi” Hella Warld from Thread ¥#d of %d #n", tid, nthreads )
- I
= return 0:
o } —
—
= g
ol
[ =
_'Dutput -~ I
show output from:  Build L) s ] [ = | 51
:L:QSDIutiun Ex=plorer Q%C'Iass 'v"iew- jﬂ'l'f"rrur Lisf:E Cutput |
Build succeeded Ln 16 Cal 1 ki IME




v CIYWWINDOWSWsystemdZWemd. exe

Hello World from Thread 8 of 4
Hello World from Thread 1 of 4
Hello World from Thread 3 of 4
Hello World from Thread 2 of 4

A= 0rF 7L FEGAIZ . .




OpenMP =25} dHitH

for(i=0; i<m; i++)
{
ali] = b[i*n]*c[0];
for(j=1; j<n; j++)
ali] += b[i*n+jl*c[j];
}

#include <omp.h>

#pragma opm parallel for shared(m,n) private(i,j)
for(i=0; i<m; i++)
{
ali] = b[i*n]*c[0];
for(j=1; j<n; j++)
ali] += b[i*n+jl*c[j];
}

(13) 2Mmsta
=SgaEci e



#pragma omp parallel shared(fsum, N) private(tid,fsum_local,NNN)
{
NNN = 0;
fsum local = 0;
tid = omp_get_thread_num();
printf("%d \t",omp_get_num_threads());
HA 8

ny
fot
ofR
18

#pragma omp for
for (i=0; i< Nsim ;i++)

{

xtl=s; RNG g@st Ag =g N

Xt2=s;

for(m=0; m<path; m++)

{
xx1 = myrand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001; -
xx2 = myrand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001; ayxl B H -
normall=sqgrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 ); Loo '=§ Egl' T
Xtl=xtl +r * xtl * dt + v*xt1*sqrt(dt)*normall;

}

oprice=Max(xt1-k,0); —

fsum_local =fsum_local+ oprice;
[lprintf("%f",op);

}
#pragma omp barrier —_
#pragma omp critical (update_sum)
{
fsum +=fsum_local; -
stop=clock();
\ printf("\n%d \t %20.17f \t %20.17f \n" tid,fsum, fsum_local) ; Z4 1} Reduction £ &
} 1/ end of OpenMP —— ——

results = (double) 1/Nsim * exp(-1* r * tau)* fsum;

stop=clock();

htime = 0.001*difftime(stop,start); //windows

printf("\n%219.17f \t %19.17f  %7.5f \n",results,results-bsp, htime) ;




I ZAF+E Tachyon OpenMP job batch
scheduler

282% [e063rhg@tachyond e063rhg]$ vi a.sh
#!/bin/bash

#$ -V

#$ -cwd

#$ -N openmp_job

#$ -pe openmp 4

#$ -q small

#$ -R yes

#$ -wd /work01/e063rhg/

#$ -1 h_rt=00:01:00

#$ -M myEmailAddress

#$ -m e

export OMP_NUM_THREADS=4
/work02/e063rhg/omp.exe >result.txt

(&) axosta
o gHEdTME



Job schedulerOj| A CH7|=0©l A}t

un

& eDB3rha@tachyond:/work01/e063rhg M=

sttt sttt sttt e s s s s s e s e e e ~
- PENDING JOBS - PEWDING JOBS - PEWDING JOBS - PENDING JOES - PEMOTNG JOBS
###############################################################A############
A4, W, ol ||'||:|

..|||]|'|

11
.':Illh ]=
09 !
_fL_ 1[5 T
hl _min_fL_ [E SR
hl_mln_TL_ [E =
i 10 -
Gl_min_fL_ 1E 5O
Gl_min_fL_ / 9. w
Of & A A[ZF 40 secQ| job= <F 402 7|Che{0fFgt

Scheduler Z™ & E| §& ®A 7|CiE|= o




Tachyon idle core sigt

achyonl?
achyoniB
achyoni Bl
achyonl gz
achyonld3
achyoniB

achvonlgh

achwonl B

hr"n]lll

|:| — |:| — |:| — |:| — |:| — IZI — IZI — |:| — |:| — |:| - rL

Zd-andGd
24-and64

wed-andgd
wed-amndbd
wed-amndgd

—amnd64

xzd-and6d
xZ2d-and64
x2d-andbd
xzd-and64

EDEErhg@tachyund Fworkil /el63rhg

0/16 16.02
016 16,02
16. 00
16,00
16,01
16. 00
16.02
16,02
16,00

16.00

FEEER

2FH AN AS
EH AE9| 90|17t 812 OpenMP, MPI test &7}

JObO| waiting ~HE| £,




Job Schedule 4 El R &

< eOG3rhg@tachyond:/workD1/e063rhg M=
. ed63rhait achyvond e063rhal § astat -
5 e063rhait achyond elB3rhald Is

alp, BXE* slatalalal= result. tx=t .

-~ ID_job. e
% [e0B3rhgitachyone

Black-Scholes : 14.23124493415723357

é —-1073749904 566413.6/638386972248554  566413.6/638386972248554
3 —-1073749904 1132306.36511257803067565  565892.688/72870830819011
3 —-1073749904 1701503.34236495988443494  569196.97/725238185375929
3 —-1073749904 2254231.80765507556498051  552728.465290115564 13025

14.29527750057961200 0.06403256642237842
elapsed time is 44.892820




OpenMP Z 1}

1. =HAFHO M= 1~16H{7IX| core 7HE S2|™ scailabilityZ7t S 7t
2. 8% CPU7Z} =30 scailabilityZE HAE 37| 022

Ap, MATHp, Windows PC &0 A
core 7|8t9O| scailability #lAH M3 7ts

w
'—‘ﬁ
55

4. ZtEtS| rand()&t+E 0|89t loop HE3t A| 295|8 £ ZA

= memory bank conflict, shared static variable =X




. S+HZEEE 0|83

2 Monte Carlo Simulation II

MPI 23}




Cluster

HH| AMAH

ofLto| L E

OfLIo| L E

Shared Memory

Shared Memory

Sl| & OFgt (mpirun)
Hob=z Mz SA5 Fofgt




MPI 7} '4

MPIRUN

MPIZ B2 Z20e|TE 2 FF= 449 nodelf FASHO
7I-7I-O| h:':7|' EH 24 <) X|—C|3-|'<'5|'

i — o = =

oX
I
fjo
>
ot

MPI setting0i| ZfZf2[ node &7 ol 0{0fg} @ 2t2|o =&d 2d

2t Node WESYS S¢ff HALO YD =2, M2 225 SRHK ES.
7* HEE|= ME S8 X O Z 25352 2 PDE solving, Matrix 83} S0A=
*1§°| HeEz 2 M2 S45 Sl &H[0|E siiF ofgt

MPLE B2l HEtE 932 4 Z2a2Ys &7 & s o
>OpenMPete Ch2 A =2 12017t Hst &g, of

MPIEXEC, POE £2| MPI LauncherS Eoff A2 .
MEZAH O 45 scheduler CHAl pImk% 2 25lH L 235|C}.




MPI 0§ 5|1

#include <stdio.h>
#include "mpi.h”

int main(int argc, char *argv[]) {
int rank, size;

MPL_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD,&rank);
MPI_Comm_size(MPI_COMM_WORLD,&size);

printf("Hello, world I am %d rd core of %d core system¥n",rank,size);

MPI_Finalize();
return O;




MPlexec

[

o2 ojo

F

= mpiexecE S5l coreE 17Y, 271 474 = ZtHAZE M9
Al 7
=

215 LiEfL D AL

 CIYWWINDOWSW system32Womd. exe

20@7-A9-82 T = : 385 @A991-a.exe.intermediate _manifest I:
2007-89-82 - : 31@.98@ A%91-a.ilk
2087-89-82 - : 297.984 8%01-a.pdb
2087-09-82  © : 8,914 BuildLog.htm
2007-89-82 - : 4,491 example.ohj
2087-09-82  © : 62 nt.dep
2007-89-82 - : 27,648 vc8B.idh
2087-99-82 T = 114 53,248 vwc88.pdh
I e 745,463 HIO|E
M 21.704,200,192 HIOE HS

C:UMPIWA?B1 —aWDebugmpiexec —n 1 B781-a
Hello, world I am @ »d core of 1 core system

C:HMPIWA?01 —aDebug>mpiexec —n 2 A781-a
Hello, world I am 1 »d core of 2 core system
Hello, world I am @ »d core of 2 core system

C:HMPIWA? 01 —atDebug>mpiexec —n 4 B781-a
Hello, world I am 3 »d core core
Hello, world I am B »d core COre
Hello, world I am 2 »d core core
Hello, world 1 am 1 »d core ] core

=
ot
El

L I

L - T
L= =
ot o

C:WHPIWA? A1 —aDebug >




Job £¢t HitH

How do we divide job ( FOR LOOP) ?

e S ——

D=0 D=1 D=2 D=3

\

D=0 D=1 D=2 1D=3

(&) zaoe

S8AEATHE




for (i = 0; i < Nsim/N; i++) {

1

I_start = Tid * (Nsim /N);

2  i_end=i_start + (Nsim /N);
if (Tid == (N-1)) i_end = N;
for (i =i_start; i <i_end; i++) {

,

3

4

M
rict
HI
et

for (i =Tid; i < Nsim; i+=N) {

}

2=

Ay
o
uek

=
L

for (i = n1*block*myrank;

}

I <n2; i+=nprocs*block) {

for (J = jid; j < min(ij+block-1); i+=n2N) {




para_range(nl,n2,n3,n4,n5,n6) et

Para_range &= A A 37tX|2] HEH3} It T Method 29| 7|Ho =
For LoopE o5 =&
void para_range(int lowest, int highest,
int nprocs, int myrank,
int *start, int *end) {
int wk1, wk2;

wk1 = (highest - lowest + 1) / nprocs;

wk2 = (highest - lowest + 1) % nprocs;

*start = myrank * wk1 + lowest + ( (rank<wk2) ? myrank : wk2);
*end = *start + wk1 - 1;

if(wk2 > rank) *end = *end + 1;

}
N " N
Za(l) :Zla(i) + 22: a(i) + - + Z a(i)
i :1 1=1 I=n,+1 i=n,_;+1

(13) 2Mmsta
S g A EHLME

Core O Core 1 Core k-1



MPI 0] H|2 ( MPI S 4)

#include <mpi.h>
#include <stdio.h>
#define n 100000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

void main (int argc, char *argv[]){
int i, nprocs, myrank ;
int ista, iend;
double a[n], sum, tmp;

MPL Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

para_range(l, n, nprocs, myrank, &ista, &iend);

for(i = ista-1; i<iend; i++) a[i] = i+1;
sum = 0.0;
for(i = ista-1; i<iend; i++) sum = sum + a[i];
MPI_Reduce(&sum, &tmp, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);
sum = tmp;
if(myrank == 0) printf("sum = %f Wn" , sum);

MPI_Finalize();
}




MPI Of| X|3 PiA| )t

#include <math.h>
#define n 100000
main(){
int i,istep,itotal[10],itemp;
double r, seed, pi, x, y, angle;
pi = 3.1415926;
for(i=0;i<10;i++) itotal[i]=0;
seed = 0.5; srand(seed);
for(i=0; i<n; i++){
x =0.0,y = 0.0;
for(istep=0;istep<10;istep++){
r = (double)rand();
angle = 2.0*pi*r/32768.0;
X = X + cos(angle);
y =y + sin(angle);
}
itemp = sqrt(x*x + y*y);
itotai[itemp]=itotal[itemp]+1;

}

for(i=0; i<10; i++){
printf(" %d :", i);
printf("total=%dWn",itotal[i]);
}

#include <mpi.h>
#include <stdio.h>
#include <math.h>
#define n 100000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

main (int argc, char *argv([]){
int i, istep, itotal[10], iitotal[10], itemp;
int ista, iend, nprocs, myrank;
double r, seed, pi, x, y, angle;

MPL Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

para_range(0, n-1, nprocs, myrank, &ista, &iend);

pi = 3.1415926;
for(i=0; i<10; i++) itotal[i] = 0;
seed = 0.5 + myrank; srand(seed);
for(i=ista; i<=iend; i++){
x =0.0;y =00;
for(istep=0; istep<10; istep++){
r = (double)rand();

angle = 2.0*pi*r/32768.0;
X = x + cos(angle); y = y + sin(angle);
}
itemp = sqrt(x*x + y*y);
itotal[itemp] = itotal[itemp] + 1;
}

MPI_Reduce(itotal, iitotal, 10, MPLINT, MPI_SUM, 0, MPL_COMM_WORLD);

for(i=0; i<10; i++){
printf(" %d :", i);
printf(" total = %d¥#n" iitotalli]);
}
MPI_Finalize();
}




MPIO|A|4 ( Full Path & Vanilla CallZ M)

for (1=0; i< Nsim ;i++)
{
xtl=s;
Xt2=s; L = S|l Q
for(m=0; m<path; m++) oop==Ez =
{
xx1 = rand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001;
xx2 = rand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001; — I:(g EE=| RNG J-é! 2
normall=sqrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 ); Iti d hod
Xtl= xtl + r * xtl * dt + v*xtl*sqrt(dt)*normall; multiseed metho
¥
oprice=Max(xt1-k,0);

fsum =fsum+ oprice; — MPI reduce J_él_g_
}

results = (double) 1/Nsim * exp(-1* r * tau)* fsum;

stop=ciock();

htime = 0.001*difftime(stop,start); //windows

printf("\n%219.17f \t %19.17f  %7.5f \n" results,results-bsp, htime) ;




0%
mE
tot

#include <mpi.h>

#include <stdio.h>

#include <math.h>

#define n 150000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

MPIg} 3

In

main (int argc, char *argv[]){
inti, m;
int ista, iend, nprocs, myrank;
double r, seed, pi, x, y, angle;
Nsim = n;
St Wy A2 D5 dErg (single ZEQF &)

_—— MPLInit(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);
para_range(0, Nsim, nprocs, myrank, &ista, &iend);

Multiseed2t HAIZ seed = 0.5 + myrank; srand(seed);
— for (i=ista; i< iend ;i++)
{ a=hof et
lz2= xtl=s; ZF7F8 RNGZ Y
=" Xt2=s;
for(m=0; m<path; m++)
— - {

. xx1 = rand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001;

Single code JL{Z AL xx2 = rand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001;
normall=sqrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 );
xtl= xtl + r * xtl * dt + v*xtl*sqrt(dt)*normall;

}

- oprice=Max(xt1-k,0);

fsum_local =fsum_local+ oprice;

}
CoreZt B OJE %t'%: MPI_Reduce(&fsum_local, &fsum, 1, MPL DOUBLE, MPI_ SUM, 0, MPL COMM_WORLD);
MPI_Finalize();
results = (double) 1/Nsim * exp(-1* r * tau)* fsum;
printf(" Option Price : %23.17f " results);
}




Tachyon : all node is full

o EEEEN

instance "normal @tachyon030” dre b =2 it is temporarily n

_____ instance "normal @tachyvonl53" dropped because it is temporarily n
of availahle
_____ instance "lona@tachvonO030" dropped because it is temporarily not
availahle
cue instanc normal i chvaonl . A - it i=s full
. | C na | Bt achsy dr ; it full
..... ' C 12 ; dr it full
eue | C : achy dropped because it full
queue | C na | Bt achs dr : it full
..... ' C Ik 5 dr it full
eLeE | c al it achy dropped because it full
C | ' Cachy dr : it full
..... ' C 12 ; dr it full
BUE | C al@tach " dropped because it full
. | | Fachs dr ; it full
..... ' C F: 5 dr it full
eUe | C : achs dropped because it full
[ ' i dr ' iny

.:____. i - C i h'_'f nii
_____ instance "norma ond47" dr : it iz f w
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Linear Scailability : CPU 7| =2} &= 23tMO| M /H0| EEtE
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2. Monte Carlo Simulation2 H 23} 9| Scailability7f Of & £2 ®W ¢
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& BH=0{%l single Z=71 EXot= 8% =H|7 r% dEet= X Lt
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2 32 core system = A| 6.3X 0.599 2
8-t 128 core system F1=A| 1.6E 2918l +etm}
16k = 256 core system = A| 0.8 O A El 4A 8 +m}
32%-E 512 core system = A| 042X O A= 8 &l +if
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CHOI1 IBM BladeCenter QS20, QS21, QS22

Each Nodes has 3.2Ghz Cell BE processor
One Cell BE has 8 SPE units for computing

QS20 : 204 Gflops in SP 21 Gflops in DP
QS21 : 408 Gflops in SP 42 Gflops in DP
QS22 : 460 Gflops in SP, 217 Gflops in DP
QS21 : 5 Tflops in SP/ 588Gflops in DP in for blade chassis

Cell BE CPU ws developed for PS3

The initial target of Cell BE is entertainment — it does not need DP, so Cell BE provides very
limited double precision in QS20, QS21, but QS22 support DP with 5 times fast.

IBM use this artitecture for building next generation world fastest super computer
Roadrunner Project.

10X faster than normal CPU based cluster S} X|2t, 107} 4l.

Cell BE SDK JHE A HCl 8lS
- a=s =0t OtL2t =Wl CSE0tHE =4
- HE MHE SO0 Ul =22 SAL

1




CH2F1 Mucury Cell Accelerator

2.8Ghz Cell BE processor in board
One Cell BE has 8 SPE units for computing

Cell BE processor at 2.8 GHz

SP 180 GFLOPS in PCI Express accelerator card

PCI Express x16 interface with raw data rate of 4 GB/s
in each direction

Gigabit Ethernet interface

1-GB XDR DRAM, 2 channels each, 512 MB

4 GB DDR2, 2 channels each, 2 GB

162W for each board

o
(53) 2Mciea

YOMNSEI UNT RSITY
g HE T HE



C 22 ClearSpeed CSe620 Accelerate Board

Acceleration Board for HPC
Parallel 192= 2* 96 PE
66 GFlops in Double Precision

Support standard C/C++ SDK
Using CSCN compiler
15W per each board

cheaper than normal cluster solution
4 board system : 300Gflops

Y2270 40, HaX 2EO| O PC 4U MH S0 A &% 7ts

-

I




C2t2 CATs with ClearSpeed

CS announce CATs in SCO7

spec
12 CS board in 1U rack
Power : total 550W

12* 192 Pes = massively parallel
1 DP Tflops

otLtel MEOf| =[O 12742] 7tE E&7ts




C 23 Nvidia Tesla C870,

Computing by GPU

Nvidia 8800GTX chipset

Parallel 128 Stream Processors in one chip
500 GFlops in Single Precision

C870 :1 GPU in board
D870 : 2 GPUs in case
S870 : 4 GPUs in 1U chassis

Support standard C/C++ SDK

CUDA

C870 system SP 500Gflops : 70 Gtg&l
C870 4board system SP  2Tflops : 3002t& + PCH|E
S870 4GPUs system SP  2Tflops : 600 BH+ AHH|E

Cheap & powerful solution
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Ar8e3

AN Z2s2EAHIHLH
M Clearspeed CSeb20 25 1HE soll 8 Al=d0l&8 HAE =
& Windows XP + Visual Studio 2005+ CSCN 20t 24 + CSCN SDK

CAHNHL &2 =Z mono, polycl= 8 HE (W M= St HE3E ol 3= 0rg

o

Reference site : 2 A EZCE SO A LIBOR & H




dE3F 2Star Step Down(¥3H|2 &)
JI XA &M XH005930) 2 S, SKEYI2(017670) ESF
o2t 2008 018 242 ~ 018 242 22 1A
Hofte| 1002H Of& 109 & mRstE 1099
&
FUUUQRAH 1] BJL%OJIEIH‘JQI TWIHHOI J1=7122] 90/90/85/85/80/80% Ol &2UBIPIE )
32
FLMI|9| ab)|aet 3t £69)
AZIIEHE™Y 20084 01& 24 Pl plas 201149 01& 18
Xlagrgor HZXINEIHZEL 01F O 67HE
E 20084 01€ 24 o 20114 01€ 24(34 T17|)
T2 E 8.1% X nXt (A 16.2%) Knock In {2101 HEIIZEIA X 60%
HNIs+AUE 48.6% HNIOIs&EAE -100%

Simulation method

Monte Carlo simulation

Method Generating path

G B M (Geometric Brownian Motion) normal distribution

Method of generating normal
distribution

Box-Muller method

#of generating path

50000 Ol& (I1& 100224 H=Z & E

# of Trial (simulation Number)

daily trial

# of SIMD board

Using 1~2 boards
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Development Aim & status

H0
08
FB_

& 1.ELS(3Y ZXJ| &&3 6 month)

. 2 Stock Step Down (redeemable Type)
. knock in barrier J|Z=Xt& 60%

. pricing engine : MC, FDM (SOR type)

. He I} Running time 50 sec 0| &
HOHL A4S 500M

=
A2 2983 — Windows, C++, Excel

\l_cno'lhoomn—\

Base

a0
Computing

Jjo
FHl

>

WN P

0~NO OU1A~

. W& pricing Al2!
.2 g 4F SOJH _J pricing time &=
.ANEX 8E R X : develop platform: c++

0|28t :excel base

. DBMSE S§&! data 2 2|

. ELS 2 stock step down = Jt=3}

. Hi five & JI &3

. Single stock ELS JH &

. 7} Pricing 22 JH& (ASIAN option etc)

A pricing engine &&
(51 Ol 4t ~10 B £ E=ZJ}) 6 sec — 3sec Ol U

2 stock step down
(daily observe, # of path 10224)
(out put :price, 4 Greek value)
gammal , 2

delta 1,2

Cal. time Performance
46.23 1
17.813 2.59
4.562 10.22
6.906 13.2

3.21 14.4
1.82 25.4

= Az AERFFE0UA A
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|'0Il
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a0
Computing

1. 2 Stock Step Down 2. 2 Stock Hi-Five
50 300
45
40 250
35 200
30
25 150
20
5 100
12 50
12.73
O O 1 _ 1 m
1 CPU core 1 x CSX620 2 x CSX620 1 CPU core 1 x CSX620 2 x CSX620
Z | 46.23% &R 3.5 AR 1.82% &R Z 0t 273.28x% AR 12.73%= AR | 6,172 4R
13bH 254H 22 b 448}

e 3.0 GHz Intel® Xeon® 5130(Woodcrest) Dual core System Base

= A=

rir

B=LTREUNA A
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F ppt& LICE.
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e Lookback Cliquet Option

TT.AO' Computing] Lookback Cliquet Option Client

Disconnect I

Option Pricing
' Redemption with CSX600

european_mc vl

" Redemption without CSX600 |

~ Input Parameters

Asset 1 180 Risk-free rate 1
Asset 2 100 Risk-free rate 2
Base price 1 180 No. of redemption per 6 month
Base price 2 100 Yolatility asset 1
Settle Date Volatility asset 2
Expiration Date Correlation 0.5
RS do mate 1 CPU core 1 x CSX620 2 x CSX620
~Output
Value Time[Second]
!91 23514550 1.29600000

451 AR | 324 AR [ 1.82x &R

A
=
i

e 3.0 GHz Intel® Xeon® 5130(Woodcrest) Dual core System Base

= A=

rir

B=LTREUNA A

Id
rol

F ppt& LICE.



a0
Computing

target instrument simulation method calculation time performance
Asian option (path # 152600) MC 7.115048 serial 1
0.153944 1 board 47.4
0.110532 2 board 64.4 Hi
Asian option (path # 384000) MC 16.966 serial 1
0.326242 1 board 58
0.196844 2 board 85 Hi
European option MC 5.065038 serial 1
(path # 1536000) 0.135237 1 board 37.4
0.098936 2 board 51.68 Hif
look back cliquet option MC 45.1 serial 1
monthly observe, 4 of path 3.24 1 board 13
1.82 2 board 24 i
2 stock step down MC 46.23 serial 1
(daily observe, # of path 100224) 3.5 1 board 13.2
(out put :price 4 Greek value) 1.82 2 board 25.4
2 stock Hive Five MC 273.28 serial 1
(daily observe, # of path 96000) 12.73 1 board 21.46
(out put :price 4 Greek value) 6.1720 2 board 44.27 Hf

e 3.0 GHz Intel® Xeon® 5130(Woodcrest) Dual core System Base
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CUDAp workstation at Yonsei Math-Finance
Lab

A48 MY : Fedora Linux + Intel Compiler + CUDA
Tesla C870 37| Z=&t : 0|24+ SP 1.5Tflops in SP : 5002+2l 0|5}
Tesla D870 1L =7} =2lof ™

HXg 2|3 AH|0|M Windows XP + Visual Studio 2003 + CUDA
Tesla C870 17| %=t : 0|24 SP 0.5Tflops in SP

H| u
Kisti T HFE 427] : XA : DP 24Tflops : (4022l 0|4h,
SotLte| L. E : DP 0.1Tflops - 2X0orel o|A



in Tesla Inner
“ Processors == execute computing threads
“ Thread Execution Manager issues threads

[ )
Input Assembler

cooperation

“ 128 Thread Processors grouped into 16 Multiprocessors (SMs)

“ Parallel Data Cache (Shared Memory) enables thread

G80 Device
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G80 Device In Tesla H/W




SDK architecture

Threads blocks for SMs
SM launch Waps of threads




CUDA compiler

Optimized libraries: Integrated CPU and
math.h, BLAS, FFT GPU source code

CUDA C Compiler (nvec)

Machine independent

assembly (PTX) CPU Host Code

CUDA Debugger

Driver Profiler Standard C compiler

EEEEE



CUDA syntax

Function_name <<<a, b, c>>>(variables )

CuMalloc(A,size)
CuMemcpy(A,B,method)
_global__ function (variable) { }
__device  function (variable) {}
__share variable;

__global__ variable;




CUDA algorithm example

single
void add_matrix
( float* a, float* b, float* c, int N ) {
int index;
for (inti=0;1<N;++i)
for (intj=0;j<N;++j){
index =i+ j*N;

c[index] = a[index] + b[index];

}
ks

int main() {
add_matrix(a, b, ¢, N);
¥

CUDA

__global__ add_matrix
( float™ a, float* b, float* c, int N ) {
int 1 = blockldx.x * blockDim.x + threadldx.x;
int j = blockldx.y * blockDim.y + threadldx.y;
intindex =1+ j*N;

If(I<N&&j<N)
c[index] = a[index] + b[index];

}

int main() {
dim3 dimBlock( blocksize, blocksize );
dim3 dimGrid( N/dimBlock.x, N/dimBlock.y );
add_matrix<<<dimGrid, dimBlock>>>(a, b, ¢, N );

}




Single Precision vs. Double Precision

Single Precision : 32bit double Precision : 64bit
Error : 24 mantisa Error : 24 mantisa
10~-7 107-15

Round-off errors in single precision (example in Knuth)
(11111113, [+] - 11111111) [+] 7.5111111 = 2.0000000 [+] 7.5111111 = 9.5111111.
11111113, [+] (- 11111111. [+] 7.5111111) = 11111113, [+] - 111111103. = 10.000000.

Financial Monte Carlo simulation use math function of sqrt, In, exp, sin, cos
or numerical approximation for transformation and cdf
Random number generator use divide

In this situation , with 10”-7 rounding
we will generate same r.v. in different values and lose the accuracy

But, in Financial Industry,
they allow 1BP in Hedge Vol : that means they allow 10”-4 errors in price.
If we can control the errors 10”-5 in single precision in MC. (not FDM, FEM)




Implementation for pMC on CUDA

(@) oameta
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Massively pMC (H/W)
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CUDA HItHI -- PMT19937

yor*———1
yl,
0 Eb y127.0
Core 0 yo— y127,1

y127,2

[

Corel 2

Core 2

i+1

i+M
i+M+

Core

Global Memory
Global Memory




CUDAHIH II -- PMT19937

—
0
y yLe ]
. y0 y127,0
2t 16 Block& Multi Seed 0|2 yl,
yo— 1 y127.1
Y™ y127.2
0
1 1
2 2
| : | :
] i+1 | i+1
| |
cores SIS
i+M i+M
i+M+ i+M+
1 1
623 623
Shared Memory Shared Memory Global Memory




CUDA HIEHIII -- parallel SMT

21 128 SPsJt Multi Seed 0| =

0 0
1 1
2 2
i i
i+1 i+1
cnracg
cores UUUUU
i+M i+M
i+M+ i+M+
1 1
623 623
Global Memory Global Memory

o
@) eanem
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New approach for massively parallel SPMD

1. Job split method
Simulate Option Price in Outer Loop.
each simulation, call RNG
it has big overheads of function call
Wall Clock Time >> Simulation Time / (# of cores)

2. Pre-generation method
generate full # of U R\V. for simulation
Transfer U RV. to N R.V.
each simulation, they use R.V.s which were already generated.
limit of memory bandwidth : 60GB/s : needs 0.025 sec for 1.5GB
limit of memory size : 227| 2| R.\V.s /each device
Wall Clock Time = Simulation Time / (# of cores) + Memcpy Time

3. Avoid Round-off Errors 1M1 N
E[e™[S; —KI'T=—=> | =D e[S, —-KT'
hﬂ k Nk [

(z3) 2Moista
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New approach for massively parallel SPMD

4. Mixed Precision Method (float-float approach)
emulate double precision with two single precision operation
DP is 4~10 times slower than SP.

DP RNGs much more slower than SP RNGs
- same period but : 24bit or 48bit mantisa in SP 54bit mantisa in DP

- heavy function call of In, sin, cos in Box-muller

5. Mixed Precision Method (GPU-CPU approach)
use 64bit CPU FP in DP computation
It need comuniticating between Host and Device.

DP in CPU is slower than DP in GPU
Tt is easy to imply

6. Fixed-Point Method
convert float point data to integer data.

ALU is faster than FP
Fixed Point Method is useful in LCG, but is not suitable in Box-muller




New approach for massively parallel SPMD

7. Inter-correlation between parallel cores
split wthout careful considering,
the inter-correlation between parallel cores occure.
To avoid this, we need to parallelize with considering algorithms of RNG
for different RNGs, we apply different method of parallelizations

8. Overlapping in splitted random sequence
Pseudo RNGs has limited period such as 2731, etc.
In massively parallel generating,
each stream of random number may overlapp with each others.
To avoid this, use long period RNGs or dynamic creation method.




Benchmark for RNGs with CUDA

Rand48() + Memcpy(DtoH)

Size: 122880000 random numbers

CPU rand48
time :2260.000000 ms

Samples per second: 5.2512821E+07

GPU rand48
time :20.000000 ms
Samples per second: 6.144000E+09

Copying random GPU data to CPU
time : 540.000000 ms

CPU : =&l AMD Hl= 2.5Ghz
GPU : Tesla C870

kel 20113 X

Thread(i| et 80X & =

127



Benchmark for RNGs with CUDA

MT19937 + Box-Muller + Memcpy

Size: 122880000 random numbers
CPU MT19937 RN generation

time: 1460.000000 ms

Samples per second: 8.4164384E+07

2 MTL 12|S0| LCGEL =& S
LCG 2260ms vs. MT 1460ms

el Jtsst 42 LCGIFHES
LCG 113X vs. MT 24X
LCG 20ms vs. 48ms

Size: 122880000 random numbers
GPU MT19937 RN generation

time :199.9556994 ms

Samples per second: 6.145352E+08

g 7.3 X

Generated samples : 100007936
RandomGPU() time : 47.960999 ms
Samples per second: 2.085193E+09

E=CSFAN 1 24.7 X




Occupacy for thread & Performence

3.) GPU Occupancy Data is displayed here and in the graphs: Varying Block Size Varying Register Count
A[:t!ve Threads per Mu.ltiprucessur 760 " |y BlockSize e Ly Reaster
Active Warps per Multiprocessor 24 r/ \/‘ 256 ‘R SRE
Active Thread Blocks per Multiprocessor 4
Occupancy of each Multiprocessor 100% .5 ° St > 1
Maximum Simultaneous Blocks per GPU 64 %g /J W g2 i""}
(Note: This assumes there are at least this many blocks) Eg 12 gg 12 \
Physical Limits for GPU: G20 6 6
Multiprocessors per GPL 16 -
Threads / Warp 32 0 .
Warps / Multiprocessor 24 16 80 144 208 272 336 400 464 o 4 8 1z 15 20 24 28 32
Threads / Multiprocessor 768 Threads Per Block Registers Per Thread
Thread Blocks { Multiprocessor 8
Total # of 32-bit registers / Multiprocessor 6192 Varying Shared Memory Usage
Shared Memory / Multiprocessor (bytes) 16384 . ai s
A tmary
Allocation Per Thread Block 57"
War.ps 6 i1 . \ <<<1 6,256>>>
Registers 1920 ] \
Shared Memory 4096 5

These data are used in computing the occupancy data in blue

aaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
mmmmmmmmmmmmmmmm

Maximum Thread Blocks Per Multiprocessor Blocks FEMe eSS RS 5 2 E o8 8 2
. = = Shared Memory Per Thread

Limited by Max Warps / Multiprocessor 4

Limited by Registers / Multiprocessor 4

Limited by Shared Memory / Multiprocessor 4

Thread Block Limit Per Multiprocessor is the minimum of these 3

129



Performance from Operation Cycles & latency

Operation
type conversion : 4 cycle

float add/mul/mad : 4 cycle
floating div : 36 cycle

integer add, bit operation : 4 cycle
integer comare, min, max : 4 cycle
integer mul : 16 cycle

Memory
4 cycles for issuing a read from global memory
4 cycles for issuing a write to shared memory

400~600 cycle for reading a float from global memory
—->Need thread schedule strategy

(z3) 2Moista

S g E T ME




Benchmark for European Vanilla

GPU MT19937 RN generation

time :199.955994 ms

Samples per second: 6.145352E+08
GPU BoxMuller transformation

time : 98.652000 ms

Samples per second @ 1.245591E+09

Copying random GPU data to CPU
time : 517.033020 ms

GPU Monte—Carlo simulation...
Total GPU time : 56.948002 ms

Options per second : 1.755988E+01

Total : 872.589 ms = 0.8 sec Non—full path generation

131



Implementation on ELS pricing and hedging
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Excel 2}

AESA 19098 ELS (953)
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Excel/VBA Pseudo code for ELS (single)

Parameter &1 &

Loop 108HH~ 500t
XT simulation &
Boxmuller,
RNG(SMT19937)
ELS pricing Routine
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CPU single A=t

rtot
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C MT19937 0| £A| x| ™5} S ESel =S
RNG CPU 53X, GPUl1l 73%, GPU2 21%

BM H=t  CPU 20Z&, GPULl 3.6z, GPU2 11z
Copy CPU 0z, GPU1183Z%, GPU2 6.2=
MC CPU 18z, GPULl 1.2z, GPU2 04=
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VBA -> C/C++ tHEh
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CA0f Single -> CUDA & AT
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Thread control on SPMD algorithms

How do we divide job ( FOR LOOP) ?

e B — ——

ID=0 ID=1 ID=2 ID=3

ID=0 ID

1 ID=2 ID=3




Thread control on SPMD algorithms

__Global__ ELS (parameters){

1 Tid= blockldx.x*blockDim.x + threadldx.x; 3 __Global__ ELS (parameters){
N=blockDim.x *threadDim:; Tid= blockldx.x*blockDim.x + threadldx.x;
for (i=0; i < NSim/N: i++) { N=blockDim.x *threadDim;

for (I = Tid; i <Nsim; I+= N){
} :
} }
}
2 __Global__ ELS (parameters){ 1 ,8 methOd IS gOOd

Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *threadDim;

int =Nsim% N; -
T~ (sim ) 3 method is recommanded

i_end = i_start + (Nsim /N);
if (Tid == (N-1)) i_end = N;
for (1 = 1_start; i <i_end; i++) {

,




CUDA 113 Hz=2| 2|

CUDAZS| HlstAtet
_global__, __device__ &+ R W AH= static 852 &AH S}
Pointer= global HI22|9 <98 XA Jis

global &= 22X A void &<,

INE===s

__global__ &= S0l A static H==E 0|2| & 2|alf FO0Fet,
_global__ 0iA= H2elE &FL0l0re

Global memory2| QI =AE X

A Oll)

Main(){

__device__ static mt[624*N]; global memorydil &&=
__device__ __shared__ static mti,bmused,y1,y2,r1,r2;

__device__ static seed;

MT 19937 <<<32,8>>>(void)

}
__kernel__ MT19937(){
Mt[block*BlocklD+ 0]=seed;




CUDA 112 M2 2|&2| shared pMT19937 13 A|

Nvidia G80 chip A& 16 KB
on chip shared memory : 16384 bytes per Block (1 cycle)
on device global memory :  512~1.5 GB (200 cycle)

Shared MemoryJt &8t 11012l

Zl @ ot Static Variables

1S SMT19937 Xc2lAl ERst Hae=
BHE : MT[624] — 19968 bytes

B =~ mti, bmused, y1,y2,r1,r2 — 192 bytes

20 KB
Hjdate 2 H/WA| & shared memory sizeE2Cl B0 R

- Shared memory(fast)Z} ot Global memory(slow)Al=
mti,bmused, y1,y2,r1,r12 s shared memory AIEJt=s

- Global memory AFE 0| 2|8t Bottleneck &4 58 0| & =% X6

o) K=l
o gHEdTME




CUDA XIMICH HHHOj|A 2 25t Memory Size

XtMICH Nvidia H/WOI A 2] € 2 shared memory size

1XF 21504 byte per Block X|®A|

1= shared pMT19937 +8171=
__shared__ static mt[624];

__shared__ static mti,bmused,y1,y2,r1,r2;
__device__ static seed;

XM GPUOSIIM Global MemoryS DDR5Z M 23504 bandwidthE =0|&= Z <0l =

EolMel £F At 7| &

2X} 161280 byte per Block X| & A|

1= fully pMT19937 £ 7=
__device__ static mt[624*N];

__shared__ static mti,bmused,y1,y2,r1,r2;
__device__ static seed;




CaseI Algorithm for ELS

Parameter &1 &

Loop B &3}
RNG(PMT19937) —- shared / global memory version
Box Muller &! &

Loop EHE3
XT simulation &8 <—- BFS O &l RNG AIS
ELS pricing Routine
IFEZ2 Sol ZJ|AIEH B[ XAH 1

F

0ol

F

0
4

sw=E 7

0o

[Ihs
[

=9

(&) aMiieta
SEsAEATME




Casel CUDA{=X

SIE=aA
=

P=3

Main(){ _
Parameter & memory copy:; __device__ boxmuller(){
ELS_bodyGPU<<<LA,B>>>(); b
get results; __device__ MT19937(){
Print results; }
}

void ymalloc() {
_ global__ ELS_bodyGPU(){ .
ELS_kernel(); \;OId vhtod() {
}

void ydtoh() {
_ device__ ELS_singleGPU(){ } _
Option pricing algorithm; E{Old ytstart() {
}

&) zaoem

o g A=
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Case I Pseuco code for CUDA ELS

Main(){

cudaMalloc((void**) &MTd, 624*sizeof(float));
cudaMalloc((void**) &a, 1024*1024*2*sizeof(float));
Dim3 DimGrid();

Dim3 DimBlock();

Random_GPU <<<DimGrid,DimBlock>>> (parameters);
Boxmuller_GPU <<<DimGrid,DimBlock>>> (parameters);
ELS <<<DimGrid,DimBlock>>> (parameters);

sum( option[k] ) /N; //N is 128

Global __ ELS (parameters){
Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *threadDim;

For( 1<0, I< Nsim/N;1++){

¥

For(j<0,j<Totalday){
For(k=0;k<monitor;k++){
Norml1=a[N*i+ blockldx.x*blockDim.x + threadldx.x];

Norm2= a[N*(i+N)+ blockldx.x*blockDim.x + threadldx.x];

Xt1(l)= Xt1+MuT*dt + SigmaT*Norm1l
Xt2(I)= Xt1+MuT*dt + SigmaT*Norm2
if (Xt1(1) <DB1 and Xt2(1) <=DB2 ) down_flag=1,;
}

if (Xt1(1) >DB1 and Xt2(1) >=DB2 ) up_flag=1;

if(j=prel){}

if(j=pre2){}

} -

option =;

sum = sum-+option;

option = 1/(Nsim/N)*sum;

Return option][tid];

__device__ float Box_Muller( float a1, float a2){
r-=sqrt(-2.0f *logf(ul));

Float phi = 2*PI*u2;

al=r*__cosf(phi);

a2=r*__sinf(phi);

¥

___device__ float BoxMuller_ GPU(){
Return Box_Muller( a[N*i+Tid], a[N*(i+1)+Tid );
}

___device__random_GPU(){
//Use static variables for each threads
Algorithms for MT RNG

a[K*i+Tid]=y; //K=2N
}
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Case II Algorithm for ELS

Parameter &1 &

Loop EHE3}
XT simulation &/t
Boxmuller,
RNG(parallel SMT19937)
ELS pricing Routine
IFE2=2 SoHl XJ|AIS BH[XAH 1d
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Case II Pseuco code for CUDA ELS

Main(){
cudaMalloc((void**) &MTd, 624*sizeof(float));
Dim3 DimGrid();
Dim3 DimBlock();
ELS_body <<<DimGrid,DimBlock>>> (parameters);
sum( option[k] ) /N; //Nis 128

¥

__global__ ELS_ body(parameters){

Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *GridDim;

Initialize();

ELS_ kernel(parameters);

}

__device__ Initialize(){
Initialize DC of MT19937

}

__device__ float Box_Muller(){
Ul= MyRand();U2= MyRand();
If( used =1){ return} else {return }
}

SPOM1 &Z&EHE Al

__device_ ELS_ kernel(parameters){
For( 1<0, I< Nsim/N;1++){
For(j<0,j<Totalday){
For(k=0;k<monitor;k++){

Norm1(i)=Box_Muller();
Norm2(lI)=Box_Muller();
Xt1(l)= Xt1+MuT*dt + SigmaT*Norm1l
Xt2(1)= Xt1+MuT*dt + SigmaT*Norm2

if (Xt1(l) <DB1 and Xt2(1) <=DB2 ) down_flag=1,;

}
if (Xt1(1) >DB1 and Xt2(l) >=DB2 ) up_flag=1,;
if(j=prel){}
ifG=pre2){}
} -
option =;
sum = sum+option;
option = 1/(Nsim/N)*sum;
Return option([tid];
}

__device__ float MyRand(){
Return MT19937()/4294967296.0;

}

__device__ float MT19937(){
//Use static variables for each threads
Algorithms for MT RNG

Returny;

¥




Case II single 3 E9| XjAIE

Main(){
cudaMalloc((void**) &MTd, 624*sizeof(float));
Dim3 DimGrid();
Dim3 DimBlock();
ELS_body <<<DimGrid,DimBlock>>> (parameters);
sum( option[k] ) /N; //Nis 128

__global_ ELS_ body(parameters){

Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *GridDim;

Initialize();

ELS_ kernel(parameters);

}

__device__ Initialize(){
Initialize DC of MT19937
}

device__ float Box_Muller(){
Ul= MyRand();U2= MyRand();
If( used =1){ return} else {return }

}
Templateldt 20| Al

A2 2520 Ddoi=8 =
5

Single code®t S &t 2 X

__device_ ELS_ kernel(parameters){

For( 1<0, 1< Nsim/N;1++){
For(j<0,j<Totalday){

For(k=0;k<monitor;k++){
Norm1(i)=Box_Muller();
Norm2(1)=Box_Muller();

Xt1(D)= Xt1+MuT*dt + SigmaT*Norml

Xt2(D)= Xt1+MuT*dt + SigmaT*Norm2

if (Xt1(1) <DB1 and Xt2(l) <=DB2) down_flag=1;
}

if (Xt1(l) >DB1 and Xt2(1) >=DB2 ) up_flag=1;

if(j=prel){}

if(j=pre2){}

} .

option =;

sum = sum-+option;

option = 1/(Nsim/N)*sum;

Return option([tid];
}

__device__ float MyRand(){
Return MT19937()/4294967296.0;
}

device_ float MT19937(){
//Use static variables for each threads
Algorithms for MT RNG
Returny;

¥




Case II &AM

AP,

RNG H&EOH HEZ2lE AtE0otAl 20t 0|24 = H
AI|AEA H 0] &F RNG
Single Program € 1c2|l&=
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We need static variables but cuda do not support !!!
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Further Research II

Nvidia
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